Introduction
[2] The Kelvin-Helmholtz instability develops when velocity shear exists in a continuous fluid or when there is sufficient velocity difference across the interface between two fluids. Because there is a velocity shear between the solar wind speed in the magnetosheath and the convection speed in the magnetosphere at the flanks of the magnetopause, the K-H instability is expected to occur on the flank region of the magnetopause. It has been suggested as a means for enhancing the transfer of solar wind momentum to the magnetosphere [Dungey, 1955] . Especially when the interplanetary magnetic field (IMF) turns northward, the K-H instability is considered to play a significant role in the momentum and energy transport across the magnetopause, instead of magnetic reconnection that is presumed to occur on the dayside magnetopause in the case of a southward IMF.
[3] The K-H instability has been widely discussed by numerous authors using linear magnetohydrodynamic (MHD) theory with incompressible [Chandrasekhar, 1961; Sen, 1963; Boller and Stolov, 1970] and compressible assumptions [Fejer, 1964; Sen, 1964; Southwood, 1968; Ong and Roderick, 1972; Pu and Kivelson, 1983] . In the magnetosphere, the compressible effects cannot be ignored at the low-latitude boundary layer region because the plasma b can be near unity [Fairfield, 1979] . Moreover, the compressibility has a stabilizing effect on the instability when the relative shear flow speed sufficiently exceeds the magnetoacoustic speed. Thus a compressible MHD approximation is needed to describe the solar wind plasma within and out of the magnetosphere. From the linear theory analysis, the K-H instability is expected to occur at the low latitude of the magnetopause boundary layer, where the magnetic tension force is too weak to suppress the development of the instability.
[4] Numerical MHD simulations have been extensively used to study the nonlinear evolution of the K-H instability in the past 3 decades, including two-dimensional (2-D) [Miura, 1982 [Miura, , 1984 Wu, 1986; Manuel and Samson, 1 1993; Otto and Fairfield, 2000; Lai and Lyu, 2006] and three-dimensional (3-D) MHD simulations [Galinsky and Sonnerup, 1994; Takagi et al., 2006] . All these previous MHD simulation works of the K-H instability are restricted to local simulation domains, as well as simplified velocity shear layer planes and periodic boundary conditions. Realistic magnetospheric configurations have been little considered [Farrugia et al., 1998 ], such as a curved magnetopause shear layer, and various plasma distributions varying with the latitude and longitude on the two sides of the magnetopause. Thus, if we want to investigate the global consequences of the K-H instability at the magnetopause, it is inadequate to merely consider local MHD simulations under simplified circumstances.
[5] Global MHD simulations have been developed for the purpose of large-scale studies of the magnetosphere under different IMFs and ionospheric conditions, and different magnetosphere configurations are taken into account to model various magnetospheric physical processes [Ogino, 1986; Fedder and Lyon, 1987; Raeder et al., 1995] . Through global MHD simulations, we can study the largescale K-H instability processes and learn more about the momentum and energy transport from the solar wind to the magnetosphere. Attempts have been made to find K-H instability along the magnetopause after combining global MHD simulations with the observations of Slinker et al.
[2003], Collado-Vega et al. [2007] , and Fairfield et al. [2007] . The time-dependent front boundary conditions were applied to model observational events in their simulations, and they suggested that the obtained vortices and related waves at the magnetopause boundary layer are caused by the K-H instability. Claudepierre et al. [2008] carried out the global MHD simulations, and presented the results of ultra-low-frequency (ULF) pulsations that are driven by the K-H instability under purely southward IMF conditions; constant solar wind inputs parameters are used to ensure the ULF pulsations are not due to fluctuations in the solar wind.
[6] As for the constant northward IMF conditions, it seems that no researchers have reported so far the occurrences of this kind of instability in the global MHD simulations in the literature. In fact, the K-H instability is mainly discussed when the IMF turns northward, due to the following two reasons: first, the northward IMF is more favorable to the instability than the southward IMF [Miura, 1995] ; second, when the IMF turns northward, although the high-latitude lobe reconnection may exist [e.g., Taylor et al., 2008] , the active magnetic reconnection is absent at the dayside magnetopause, thus the momentum and energy transport across the magnetopause would occur mainly through the K-H instability. Therefore, it is valuable to investigate the global processes of the K-H instability under northward IMF conditions, with the context of global MHD simulations that are more realistic than the local two-or three-dimensional MHD simulations.
[7] This paper presents the simulation results of the K-H instability by means of the global MHD simulation with a constant due-northward IMF of 5 nT. The numerical model is briefly introduced in section 2. The numerical simulation results are presented in detail in section 3, including the global views of the K-H instability at the magnetopause, the evolution of the vortices, and the unstable surface waves. The results are discussed and summarized in sections 4 and 5.
Simulation Model
[8] The numerical simulations are carried out by solving the ideal compressible MHD equations based on an extension of the Lagrangian version of the piecewise parabolic method (PPMLR) [Collea and Woodward, 1984] . Details about the global MHD model can be found in Hu et al. [2007] . The GSM coordinate system is used, and the quarter simulation box extends from x = 30 R E to −300 R E along the Sun-Earth line and from 0 to 150 R E in the y and z directions, with a total of 450 × 240 × 240 grid points. In the inner domain of 0 ≤ |x|, y, z ≤ 15 R E , a uniform mesh is used with a mesh grid spacing of 0.1 R E ; the grid spacing increases according to a geometrical series of common ratio 1.05 along each axis. The inner domain with dense mesh grids contains the area of interest in our paper. The interplanetary conditions can be adjusted through the front inflow boundary at x = 30 R E , the symmetric or asymmetric boundary conditions are set at y, z = 0 R E depending on the physical parameters, and the rest three outflow boundaries are set to be free.
[9] In the inner boundary at a radius of 3 R E , a magnetospheric-ionospheric electrostatic coupling model is imbedded to drive the inner magnetospheric convection. The field-aligned currents are sampled near the inner boundary and mapped into the ionosphere where they are used as a source term of a two-dimensional Poisson equation for the electric potential. The potential of the ionospheric regions with low latitude less than 53°is set to be zero as the boundary conditions to solve the Poisson equation. Once the potential is obtained, the corresponding electric field is mapped to the inner boundary to calculate the convection velocity, which is used as the inner boundary condition for the simulation. Then we construct a three-dimensional simulation of the coupled solar wind-magnetosphere-ionosphere. For simplicity, uniform Pedersen conductivity is assumed in the ionosphere and here a constant conductivity of 5 Siemens is used, no Hall terms are included in the ionosphere model.
[10] Compared to our previous calculations [Hu et al., 2007] , no explicit numerical dissipations are added in the simulation code; at the same time, we increase the resolution of the numerical mesh grids to a higher level of 0.1 R E , these treatments will help us to capture more physical details than in our previous work.
Numerical Results
[11] In this section, we present four subsections to describe the numerical results in an orderly manner. The initial state is described in the first subsection; in the second subsection we discuss the saturation state of the K-H instability on the flank magnetopause in the equatorial plane; the nonlinear evolution of the K-H instabilityinduced vortices are demonstrated in detail in the third subsection; in the fourth subsection, we analyze the propagation of the unstable surface wave near the low-latitude magnetopause boundary layer.
Initial State
[12] Typical interplanetary conditions of the solar wind are set in the simulation at the GSM coordinate system, including a due-northward IMF of 5 nT, a velocity of 400 km/s along the negative x direction, a number density of 5 cm −3 , and a temperature of 0.91 × 10 5 K. In this case, all these physical parameters of the solar wind are imported into the simulation box at the front boundary of x = 30 R E . The initial magnetic field is set to be the superposition of a dipole with mirror dipole and centered at the origin in GSM coordinates; the interface of the two dipoles is located at x = 15 R E , where B x is equal to zero. The field on sunward side is then replaced with the initial solar wind field, here B z = 5 nT, to satisfy r · B = 0. Such initial conditions are commonly used in the global MHD modeling to obtain a magnetopshere with a prescribed interplanetary magnetic field.
Magnetopause with K-H Instability
[13] After about 1 h for the nonlinear evolution of the magnetosphere from the initial state, the simulation result reaches a saturation state. At t = 4000 t A (t A is a normalized unit, equal to be 0.935 s), a new magnetosphere with the K-H instability develops along the magnetopause, as Figure 1 shows.
[14] Figure 1 shows color contours of the physical parameters of an unsteady magnetosphere in the equatorial plane, including the x and y components of the velocity (v x , v y ), the total velocity (v), the logarithm of the number density (log 10 [n(cm −3 )]), the thermal pressure (log 10 [P(nPa)]) and the magnetic field (log 10 [|B|(nT)]). The sun is at the top of each panel; the color bar in each panel shows the range of the corresponding physical parameters. From the six panels, we can clearly identify the bow shock and the magnetopause at the dayside by judging the two discontinuities from the solar wind to the magnetosphere. The bow shock and the magnetopause intersect with the Sun-Earth line at about x = 14 R E and 10 R E , respectively. The centered sphere, with a radius of 6.5 R E , covers the regions near the inner magnetospheric boundary to highlight the rest of the simulation domain.
[15] The velocity shear layer across the magnetopause causes the K-H instability to be excited and generates the corresponding surface waves. As Figures 1a and 1b show, it is seen that many vortices are generated along the magnetopause (indicated by the component velocity contours except in the low-speed flow regions near the subsolar point) from the dayside region to the magnetotail, along the direction of the flows near the magnetopause. In this way, the magnetopause boundary appears to be wavelike at the flank region. From the frozen-in-flux condition of the plasma, we can conclude that the solar wind momentum and energy is then transported into the magnetosphere directly. At the beginning, the vortices are triggered at the dayside, at about 30°relative to the Sun-Earth line, then move toward the evening side with increasing amplitude and wavelength of the surface fluctuations. In the next subsection, we will discuss the evolution of the vortices in detail.
[16] Figure 1c displays the velocity shear layer and the periodic surface fluctuations intuitively. The shocked solar wind flows around the subsolar point where the velocity approaches zero and moves in the magnetosheath region toward the magnetotail. During this process, the solar wind flowing around the magnetopause is accelerated and causes sharp velocity shear between the magnetosheath and the magnetosphere. Owing to the integration of the movement and the self-rotation of the vortices, the magnetosheath-side boundary speed of the rolled-up vortices exceeds the speed of the unshocked solar wind (400 km/s), and the velocity gradient across the magnetopause increases with distance away from the subsolar point. Periodic surface fluctuations are clearly observed, the wavelength of the surface wave increases roughly from 1 R E (at the beginning) to 8 R E (flank region); the details of the wavelength will be discussed in section 3.3. When the surface wave travels out of the domain, the wavelength continues to increase, which is not shown in the figure.
[17] Similar fluctuations of the density, the pressure and the magnetic field are shown in Figures 1d, 1e , and 1f, respectively. The plasma depletion layer (PDL) is observed at the dayside magnetopause. It is caused by the magnetic field piling up in front of the dayside magnetopause; its main characteristics are a lower plasma density and a higher magnetic field value compared to their upstream magnetosheath values [Zwan and Wolf, 1976; Phan et al., 1997; Wang et al., 2003] . In Figure 1d , as the longitude increases relative to the x axis, the PDL appears to extend on the flank to irregular regions entrained by the rolled-up vortices. The magnetopause boundary cannot be accurately located simply from Figure 1 in the flank region. In such circumstances, the momentum and energy of the solar wind can be transported from the magnetosheath to the magnetosphere via the rolled-up vortices induced by the K-H instability.
[18] Linear theory indicates that the low-latitude boundary layer (LLBL) of the magnetopause is susceptive to the velocity shear and tends to allow the generation of the K-H instability because of the weak magnetic field tension force along the flow direction of the solar wind. In the higher latitude, however, the instability growth rate becomes negligible due to the increasing local magnetic shear [e.g., Southwood, 1968] . In our simulation, Figure 1 has shown the nonlinear evolution of the K-H instability in the equatorial plane. In higher latitudes, as Figure 2 shows, color contours of the typical physical parameters are displayed at a rotated plane along the x axis with an angle of 30°relative to the equatorial plane. The small vortices are weaken and the undulant surface waves along the magnetopause boundary nearly disappear. For latitudes higher than about 30°, and for all longitudes within about 2 h deviated from local noon that we have examined, no obvious surface fluctuations or noticeable vortices are found, which is consistent with predictions by Farrugia et al. [1998] when the IMF is northward.
[19] It is convenient to analyze the acceleration of the magenetosheath plasma by means of the magnetosonic Mach number contour lines, as presented in Figure 3 . In the equatorial plane, the magnetic field lines are perpendicular with the plane for symmetry, while the propagation directions of the plasma flow and the surface wave are parallel with plane, thus the magnetosonic wave speed is equal to be (v A 2 + v S 2 ) 1/2 , where v A and v S denotes the Alfven speed and sound speed, respectively. The magnetosonic Mach number M ms is then obtained. Similarly to the local magnetosheath sonic Mach number shown through two-dimensional hydrodynamical simulations by Spreiter et al. [1966] , the magnetosonic Mach number of the solar wind increases from zero near the subsolar region and exceeds one at the flank magnetosheath. One would expect the generation of a shock wave when the supersonic plasma encounters an obstacle, such as the weak parallel shock found between two simulated vortices [Miura, 1992] or the presumed shocklike plane waves excited by vortices in the magnetosheath in two-dimensional MHD simulations [Lai and Lyu, 2006] .
[20] However, in our simulation, it is hard to distinguish the weak shock wave between two neighboring vortices and to examine the Rankine-Hugoniot relation between them because of the nonuniform state on both sides of the interface. Moreover, no shocklike plane wave is found in the magnetosheath, even though the magnetosonic Mach number is greater than 1 in the flanks of the magnetosheath. In fact, the shocklike plane waves near the vortices are not clearly identified in the previous 2-D MHD simulations [Lai and Lyu, 2006] , although the authors predicted their existence. In our simulation case, with the impact of the supermagnetosonic flows in the magnetosheath, the undulant surface caused by the vortices does not expedite the formation of the shocklike plane wave. Thus more simulations need to be carried out in the future to investigate the relationship between the Mach number and the nonlinear evolution of the K-H instability in global MHD simulations.
Evolution of Vortices
[21] The vortices are generated continuously at the dayside magnetopause because of the K-H instablity induced by the velocity shear across the magnetopause. To further investigate the nonlinear consequences of the vortices at the dayside magnetopause, we track a single vortex at different times, as Figure 4 shows; the core of vortex is detected by the minima in the plasma flow speed of the grid points at each time. At t = 4000 t A , shown in Figure 4a , the plasma flow is illustrated by the arrows with finite length, and the length is proportional to the local plasma speed. The background is colored with the density contour. A vortex is generated at dayside magnetopause boundary layer by the sharp velocity shear across the magnetopause, it is initiated at (9.2, 5.0) R E in the x-y plane, with a longitude of about 28°relative to the Sun-Earth line. The PDL is in front of the vortex (here the magnetopause is sandwiched between the PDL and the vortex), with a lower density compared to the surroundings. The rotation speed of the vortex is much less than the solar wind at the initial stage, and the high-speed flows in the PDL supply the momentum and energy and accelerate the evolution of the vortex.
[22] At t = 4200 t A , the votex has developed a much larger rotational speed compared to the initial state; at the same time, the size of the vortex increases. The increases of vortex speed and size are due to the external drive of the shocked solar wind in the magnetosheath. The vortex center moves to (8.0, 7.2) R E and contains a tenuous density belt that emerges on the left of the PDL in the figure. At this moment, due to the newly emerged tenuous plasma layer and the compression effects of the rolled-up vortex, a relatively high-density region forms between the two layers (the other is PDL). It seems that the center of the vortex is not located exactly in the middle of the high-density region, which somewhat differs from the general perception: the center of the vortex would have a higher density than the surroundings, thus the surrounding tenuous plasma must rotate faster than the denser plasma to keep force balance in the radial direction. The nonplanar velocity shear layer and the existence of PDL ahead of the vortex are possible explanations. The vortex decays in the magnetosphere when the density increases to about 1 R E away from the vortex center in order to maintain the continuity of the momentum transports.
[23] The vortices are generated in series at the dayside magnetopause. The neighboring vortices along the magnetopause boundary evolve separately. If their seperation is relatively large comparing with their own motion, no obvious collisions occur during their evolution. At t = 4400 t A , the outer rotational speed of the vortex is comparably large relative to the adjacent one. From the plot it is evident that the plasma flow changes directions across the boundary between the two vortices sharply. In such circumstances, collisions take place, and the two adjacent vortices exchange momentum with each other; following the tailward direction, the front vortex is accelerated, while the back one is decelerated because of the exchange of the momentum. The process will be illustrated using the measurement of the vortex speed later. During the collision process, no coalescence happens at that time.
[24] The rotational speed of the vortex suddenly decrease from t = 4400 t A to 4600 t A . This process indicates that the momentum of the vortex has been transferred to the neighboring vortex, or probably the magnetosphere, in spite of the continuous momentum and energy transport from the solar wind in the magnetosheath. As time proceeds from t = 4600 t A , the vortex becomes highly rolled up and evolves into the surroundings that is filled with irregular vortices. The vortices collide with each other; however, the global distribution of periodic surface fluctuation can still be clearly identified, as shown in Figure 1c .
[25] The vortex nonlinear evolution can be quantified according to the measured vortex propagation speed. Figure 5 shows the average traveling speed of the four continuous vortices at the dayside magnetopause as a function of (a) longtitude and (b) evolution time. The black line indicates Figure 4 . Evolutions of the vortex at the dayside magnetopause in the equatorial plane at t = 4000 t A , 4200 t A , 4400 t A , and 4600 t A orderly; the background is expressed by the color contour of the density; the arrow shows the flow direction of the plasma, and its length is proportional with the speed (the longest arrow corresponds to the solar wind speed of 400 km/s, with a length of 1.2 R E ). the newly emerging vortex at t = 4000 t A , which has been followed in the above discussion. The red, green, and blue lines correspond to the subsequent new vortices at about t = 4160 t A , 4340 t A , and 4500 t A , respectively. These four vortices are marked as vortex 1, 2, 3, and 4, as the figure shows. It can be estimated that the average generation period of the vortices is about 160 t A . In the figure, the plus signs record the corresponding average speeds of the four vortices at their own time series, initiated at t = 4000 t A , 4160 t A , 4340 t A , and 4500 t A , respectively. For a single vortex, the time resolution of the sampled simulation data is 20 t A , totally 600 t A is used during the evolution. The longitude axis denotes the tilt angle of the vortex center relative to the x axis. From the top panel, we can see the propagation speed of the vortex does not increase monotonously but picks up at an interval between 40°and 60°longitude during the propagation and decreases to a local minimum and then increases until the vortex reaches a longtitude of about 80°, above which the vortex is highly rolled up. In such circumstances, it is hard to track the center of a single vortex, as the flow field appears complicated.
[26] As we have mentioned above, vortex 1 (black line) is driven by the solar wind in the magnetosheath. Its propagation speed increases gradually; it then collides with its tailward neighboring vortex (not shown in Figure 5 ) that emerges earlier than vortex 1 at the dayside magnetopause and is decelerated due to the loss of momentum during the interval from t = 4360 t A to 4440 t A . Next, vortex 1 is accelerated due to the collision from vortex 2 (red line) from t = 4480 t A to 4560 t A (as the two black dotted lines show). Vortex 2 is decelerated as the red line shows from t = 4480 t A to 4560 t A , which is same with the acceleration interval of vortex 1. As for vortices 2 and 3, the collision time interval is from 4640 t A to 4720 t A (as the two red dotted lines show). Similar characteristics of the vortex are found in the subsequent vortices, for example, vortices 3 and 4 shown in Figure 5 (as the two green dotted lines show). The intersection between the second and third collision time interval indicates that vortex 3 (green line) collides with the two neighboring vortices simultaneously. Although the momentum of the vortex may be modulated by the longitudedependent magnetosheath speed during the evolution, it can be concluded that the acceleration of a vortex and the deceleration of the subsequent vortex are correlated with each other.
[27] We can see that an individual vortex does exist at the dayside magnetopause, it collides with its neighboring vortices during its tailward propagation, and the variation of its propagation speed appears related with the momentum loss or gain from the neighboring vortices. It is well known that the vortices would coalesce into a larger vortex in the ordinary hydrodynamics when the system contains multiple K-H vortices [Winant and Browand, 1974] . In our simulation, when the vortex moves to a longitude of about 80°and above, especially at the nightside magnetopause boundary layer, it becomes highly rolled up, and the flow fields of the two neighboring vortices mix with each other at the border; however, no apparent coalescence has been found between the two neighboring highly rolled-up vortices during their tailward motion. The fact indicates that no plasma transport across different vortices for the presence of frozen-in condition of ideal MHD. The non-MHD effects should be included to consider the coalescence of K-H vortices that is accompanied with plasma transport [Nakamura and Figure 5 . Distribution of the propagation speed of the vortices along the magnetopause measured at (a) different longitudes relative the Sun-Earth line in the equatorial plane and (b) evolution time. Four different color lines correspond to the four vortices emerging continuously at the dayside magnetopause (black: t = 4000 t A ; red: t = 4160 t A ; green: t = 4340 t A ; blue: t = 4500 t A .) Fujimoto, 2008], which is not taken into account in our simulation.
Surface Waves
[28] In a compressible plasma, the K-H instability induces unstable surface waves that propagate along not only the shear layer surface but also the normal direction of the surface. Thus, the phase velocity of the surface wave must have a normal component, as well as a tangential component. Analogously to the generally known fast and slow magnetosonic waves, the compressible surface waves can be classified as the quasi-fast and the quasi-slow modes on both sides of the boundary [Pu and Kivelson, 1983] ; thus on the magnetopause the fast (slow) surface waves can couple a quasi-fast (quasi-slow) MHD mode in the magnetospheric plasma to either a quasi-fast or quasi-slow MHD mode in the magnetosheath. The combination of surface waves has been classified by Lee et al. [1981] , who found that two K-H mode surface waves were generated in the contex of incompressbile MHD, one at the magnetopause boundary (the outer edge of the boundary layer) and one at the inner edge of the boundary layer (IEBL). They referred to these two modes as the magnetopause mode and the inner mode, respectively. It is found that the inner mode is unstable most of the time, and the excitation of the magnetopause mode depends on the magnetic field in the magnetosheath. In this section, we discuss the characteristics of the unstable surface waves near the magnetopause boundary layer in the saturated magnetosphere, which is based on our simulation results.
[29] Figure 6 shows the wavelength estimation of the surface waves along the magnetopause in the equatorial plane at t = 4300 t A ; the surface fluctuation can be clearly observed through the color contours of the component velocity (v x ) (km/s). The magnetopause is illustrated as the solid white line by determining the boundary that divides the closed magnetospheric field lines and the open interplanetary magnetic field lines. The magnetopause separates two kinds of surface fluctuations, which can be observed through the color contours of v x . These two kinds of surface waves have been mentioned in Lee et al. [1981] , one is the inner mode that propagate in the inner edge of the magnetopause boundary layer, and the other is the outer (magnetopause) mode that is coincident with the magnetopause boundary. The magnetopause shape alters gradually in a wave-like manner, with the increase of the longitude. It is shown that vortices are distributed respectively at the dayside magnetopause; as the longitude increases, the vortices mixes with each other and becomes irregular at the nightside magnetopause, possibly because of the nonlinear stage excited by the stronger velocity shear comparing with that at the dayside.
[30] The arrows mark the locations of the inner and outer surface waves on the two sides of the magnetopause, as Figure 6 shows. Mostly, the surface wave at the outer edge of the magnetopause boundary is colored blue, and that at the inner edge of the boundary layer is colored red. It seems that the two modes surface waves propagate regularly along the magnetopause boundary layer; the wavelengths can be roughly estimated from the contour plots, where the plus signs separate the increasing wavelengths from the initial point at about 28°to the tail region. Six wavelengths are measured by the blue (red) dotted line segments, corresponding to the inner (outer) mode. At this moment (t = 4300 t A ), for the inner mode, the wavelengths are estimated to be 1. 8, 2.6, 4.3, 5.7, 7.4 , and 7.5 R E , respectively; for the outer mode, the wavelengths are estimated to be 1.8, 3.1, 4.2, 5.2, 7.2, 8.3 R E , respectively. With the intermittent emergence of a new vortex at the initial longitude of about 28°, the K-H instability develops along the total magnetopause boundary layer; therefore the wavelengths increase with evolution time. As we have examined, the six wavelengths that are distributed from the initial point, are among an interval from 1 to 8 R E . Note that the analysis on the wavelength is based on the spatial distributions of the related physical parameters, spectral analysis may be a candidate to provide another investigations on the frequen- cies and wavelength estimations of the wavelengths of the surface waves.
[31] Next, we describe the temporal profiles of the surface waves near the flank magnetopause. We choose a reference segment along the positive y axis across the magnetopause at the dawn side, specifically between (0.0, 10.0) R E and (0.0, 18.0) R E in the x-y (equatorial) plane. The temporal variations of the physical parameters of the segment are recorded from t = 4200 t A to 4800 t A and displayed as contour lines in the y-t plane, as Figure 7 shows. From the top to the bottom, the three panels correspond to the timedependent contour lines of the x component velocity (v x ), the number density (n), and the magnetic field strength (|B|); the three contour steps are 10 km/s, 0.2 cm −3
, and 1 nT; the color bars cover the values illustrated in the three panels.
[32] The magnetopause velocity shear layer is clearly identified in Figure 7a and varies periodically with the evolution time. The surface fluctuation decays along the y axis; the unsteady evolution of v x indicates that it is an unstable compressible wave. Similar characteristics of the density and the magnetic field strength are shown in Figures 7b and 7c . In order to learn more about the propagations of the inner and outer surface waves, we choose three trajectories along the time axis as the three red lines in the figure shows, positioned at three reference points of y = 12.6, 14.1, and 15.6 R E , respectively. The line segment (labeled L) linking the three points is shown as a solid red line in Figure 6 , it crosses the unstable magnetospause boundary. These three points cover the magnetopause boundary layer, labeled A, B, and C with increasing y value (corresponding to the three red lines from the left to the right in the figure) . Thus we can learn the propagation of the inner (point A) and outer mode (point C) surface waves in and out of the magnetopause boundary concurrently.
[33] The temporal variation of the density and the magnetic field strength at the three reference points are plotted in Figure 8 . Three panels from the top to the bottom correspond to reference points A, B, and C, respectively, and the time interval is from t = 4200 t A to 4800 t A . We find that the variation of n and |B| are nearly in phase for point A, which indicates that surface waves in the magnetosphereside (inner mode) are the nonlinear quasi-fast mode. For Figure 7a , the thick black curve shows the magnetopause boundary; the thick v x = 0 contour lines are shown as red, and the longest one indicates the approximate location of the IEBL. Figure 8 . Temporal profiles of the number density (n, dashed line) and the magnetic field strength (|B|, solid line) of the plasma at two reference points and near the magnetopause. From the top to the bottom, the three panels corresponds to the reference points A (0, 12.6) R E , B (0, 14.1) R E , and C (0, 15.6) R E in the x-y plane. point B, the variations of n and |B| are nearly in phase except for the out-of-phase period from t = 4300 t A to 4400 t A , indicating the coupling effects of the two mode surface waves in the magnetopause boundary layer.
[34] When the y value increases, as reference point C shows, the variations of n and |B| are nearly out of phase at the magnetosheath side of the magnetopause boundary layer. It seems that it corresponds to the nonlinear quasislow mode surface wave in the magnetosheath side. However, as in our simulation, the magnetic field is perpendicular to the equatorial plane, implying that the slow-mode wave cannot propagate in the equatorial plane because the slow-mode wave is not allowed to propagate perpendicularly to the magnetic field. In contrast, the magnetosheath-side surface wave (covering point C) propagates in the equatorial plane as we have examined, which is shown in the plots of Figure 1 intuitively. Thus, the magnetosheath-side (outer mode) surface waves are not the quasi-slow mode. These kinds of surface waves are mentioned in Pu and Kivelson [1983] and classified as the quasi-fast mode; through the linear MHD approximation, the in-phase relation of n and |B| of the quasi-fast mode unstable surface waves is violated for limited ranges of w r (here w r is the real part of w/k t , where w is the angular frequency of the surface waves in the frame of reference at rest relative to the plasma and k t is the tangential wave vector relative to the velocity shear interface; details can be found in Pu and Kivelson [1983] ). Thus we can conclude that on both sides of the boundary the inner and outer unstable surface waves are in the quasi-fast mode; the out-of-phase variations of n and |B| are related to the nonlinear evolution of the surface waves.
[35] Similar characteristics of the inner and outer unstable surface waves can be found elsewhere at the dayside magnetopause in the equatorial plane, e.g., a longitude of about 52°relative to the x axis. The reference segment is set from (7.0, 5.0) R E to (7.0, 13.0) R E in the x-y plane. Similarly to Figure 7 , Figure 9 shows the color contour lines of the x component velocity (v x ), the number density (n), and the magnetic field strength (|B|) in the y-t plane. Periodic fluctuations are observed on both sides of the velocity shear layer. We sample three reference points at the segment, A′ (7.0, 8.0) R E , B′ (7.0, 9.1) R E and C′ (7.0, 10.2) R E , and analyze the temporal profiles of the number density (n) and the magnetic field strength (|B|), from t = 4200 t A to 4800 t A , as Figure 10 shows. The line segment (labeled as L′) linking the three points is also shown as a solid red line in Figure 6 . Likewise, we find that the variations of n and |B| are nearly in phase for point A′ (magnetosphere-side), while they are out of phase for point C′ (magnetosheath-side); for point B′, its fluctuation resembles that of C′ due to its close location to the magnetosheath side, which can be found in Figure 9a .
[36] Two different behaviors of the fast-mode surface waves exist on both sides of the magnetopause, and they Figure 8 . From the top to the bottom, the three panels corresponds to the reference points A′ (7.0, 8.0) R E , B′ (7.0, 9.1) R E , and C′ (7.0, 10.2) R E in the x-y plane.
develop and propagate tailward. For both modes, the wavelength increases with the longitude. These two kinds of surface waves can be clearly identified through the color contours of the component velocity (v x ) in Figure 6 ; they propagate separately along the either side of the magnetopause boundary. Since we have obtained the wavelengths and periods of the inner and outer mode surface waves, the corresponding wave speeds can be calculated directly.
[37] About 3.0-3.5 periods are used during the total 600 t A evolution time, and the periods of the inner and the outer mode surface waves are considered to be same; for the two different longitudes, the periods are nearly same with each other, which can be seen in Figures 8 and 10 . Thus the period of the surface waves can be roughly estimated to be about 170-200 t A , which is about 159-187 s. For the line segment L and L′, two wavelengths of the outer mode surface waves can be roughly estimated to be 6.0 and 3.5 R E , respectively. The wavelength increases continuously with the evolution time when the surface wave passes through the reference segment L (or L′); when the line segment is in the middle of a wave structure, we treat the wavelength of the wave structure as the corresponding one. Then we can calculate that the two corresponding wave speeds of the outer modes are about 225 and 131 km/s, respectively, if we assume the period to be 170 s. Nearly the same wavelengths, as well as the wave speeds, can be obtained for the inner mode surface waves at the line segments L and L′.
[38] The period of the surface waves is similar to the previously mentioned generation period of the vortices at the dayside magnetopause, if we consider that a numerical error may be caused by the time resolution of 20 t A of the sampled data. These periods agree with the ULF wave (Pc 5 (150-600 s) pulsations of a small azimuthal mode number (m < 10)) in the magnetosphere [Atkinson and Watanabe, 1966] ; as we know, the ULF wave is suggested to be excited by the K-H instability on the magnetopause and has been discussed using global MHD simulations when the IMF turns southward [Claudepierre et al., 2008] . Thus, under the preset constant interplanetary conditions in our simulations, the magnetosphere has an intrinsic period constantly due to the K-H instability, which coincides with that of the ULF wave. More typical interplanetary conditions should be taken into account if we attempt to obtain their dependency with the intrinsic periods, which will be presented elsewhere in the near future.
[39] The thickness of the magnetopause boundary layer is an important parameter when the K-H instability is discussed in the low-latitude magnetopause [Walker, 1981] . Linear analysis indicates that only modes with kd < 2 are unstable for the surface waves, where k is the wave number and d is the boundary layer thickness; the fastest growing modes occur for kd ∼ 0.5-1.0 [Miura and Pritchett, 1982] . In Figures 7a and 9a , the magnetopause boundary is plotted with the thick black curve; the moving vortices are centered on the v x = 0 contour (the thick solid red curve), which is approximately the location of the IEBL [e.g., Hones et al., 1981] . The two wavelengths of the outer mode surface waves have been obtained to be 6.0 and 3.5 R E for L and L′, respectively. The thickness of the boundary layer d varies periodically with the evolution time; it can be roughly estimated to be 0.4-2.0 R E (Figure 7a ) and 0.5-1.2 R E (Figure 9a ). It seems that the average scale width of the boundary layer increases with the longitude. Consequently, the value of kd is calculated to be 0.4-2.1 and 0.9-2.2. The results are approximately consistent with the theoretical predictions, despite the fact that the magnetosphere has reached a nonlinear stage.
Discussion
[40] From the above simulation results, we obtain a saturated magnetosphere with K-H instability occurring on the LLBL constantly, under a constant northward IMF condition; the global views of the K-H instability agree with the theoretical predictions. The magnetosphere is in a K-H saturation state, and about 4000 t A of the nonlinear evolution time is used from the initial state. We tracked separate vortices at the dayside magnetopause and found that their propagation speeds are related with momentum loss and gain from the two neighboring vortices. We also estimate the wavelengths of the inner and outer surface waves along the magnetopause boundary layer roughly. Although the nonideal MHD effects should be taken into account to study the microscale stucture and evolution of the K-H-induced vortex during its tailward propagation, which is not considered in our global MHD simulations, the preliminary result can provide us with a macroscopical and global picture of the K-H instability along the magnetopause when the IMF turns northward.
[41] Based on the four Cluster spacecraft observations when the IMF turns northward, Hasegawa et al. [2004] showed that the length scale of one vortex is estimated to be 6.3-8.6 R E at about 20:30 UT, based on the ion velocity measurements. From the same observation event, Foullon et al. [2008] noted that the obtained wavelength estimates of 2.5-3.3 R E based on the phase speed are opposite to that of Hasegawa et al. [2004] . In our simulation, the wavelengths of the two mode surface waves are roughly estimated to be about 8 R E at 20:30 MLT, which seems to be consistent with the estimated observational results of Hasegawa et al. [2004] . Although the typical interplanetary conditions are used in our simulation, the preliminary comparison between our simulation and the observations is still rough, because the wavelength of the surface wave is related with several factors, such as the scale width of the magnetopause boundary [Walker, 1981] and the IMF direction changes [Foullon et al., 2008] . Here we do not attemp to compare our simulation results with the two observational estimations further because of the lack of same interplanetary conditions with the observations, as well as the limitation of MHD simulations.
[42] In this paper, the K-H instability and its corresponding surface waves are restricted to be vortexlike. Waves are negligible above a latitude of about 30°. Thus we focus on the K-H instability on the LLBL, which is expected by previous researchers [e.g., Southwood, 1968] . The high-latitude boundary layer (HLBL) is believed to be a K-H stable region because of the increased magnetic tension force, as our simulation results show. While weak vortices exist at the latitude of 30°; at higher latitude, the vortices finally disappear.
[43] Comparing with previous works on K-H instability through 2-D or 3-D MHD simulations when the IMF turns northward [Miura, 1995; Takagi et al., 2006] , realistic interplanetary and magnetospheric configurations are applied self-consistently, including the constant solar wind inputs at the front boundary, the curved velocity shear layer (magnetopause boundary layer), and a nonuniform plasma density profile in the magnetosheath. As a first step, the paper presents a visualization of the development of the K-H instability along a realistic magnetopause. Although the results have been expected by numerous researchers previously, such as the occurrence of the K-H instability at the low-latitude boundary layer, our results are the first to show the global characteristics of the K-H instability on the magnetopause by means of global MHD simulations under the northward IMF condition.
[44] Similar to the work by Claudepierre et al. [2008] , two mode surface waves are identified along the two sides of magnetopause boundary layer. The inner and outer mode surface waves appear periodic along the inner and outer edges of the magnetopause boundary layer, the corresponding wavelengths can be roughly estimated. We identified the two modes of surface waves to be the fast mode, although the magnetosheath-side surface waves are similar to the slowmode waves by judging from the out-of-phase variations of n and |B|. In our simulation, the inner and outer mode surface waves have nearly the same wavelengths and wave speed at the dayside magnetopause, which differs somewhat from the viewpoint that the inner and outer modes have different phase velocities and different wave vectors, which leads to the oscillation of the two K-H modes at the magnetopause [e.g., Claudepierre et al., 2008] . It seems that the inner and outer modes can couple when their wavelengths are greater than the layer thickness. Although the simulated magnetosphere has reached a saturated stage and the nonlinear surface waves have developed fully along the magnetopause boundary layer, we test the linear analysis on the magnetopause boundary layer and make rough comparisons with the theoretical results in our paper. More calculations will be carried out to investigate the complex magnetospheric phenomenons in the future, such as the K-H-related ULF wave analysis and the global transport of momentum and energy from the solar wind to the magnetosphere during the period of a northward IMF.
Summary
[45] A typical and constant interplanetary condition is set as the inflow boundary in our global MHD simulation, including a constant due-northward IMF of 5 nT. In addition, a mesh with a spatial grid of 0.1 R E is applied to capture the details of the magenetopause comparing with former work. The results show that the generation of the K-H instability in the low-latitude magnetopause boundary layer. The global consequences of the K-H-induced vortices and surface waves are investigated along the magnetopause boundary layer. Important results obtained in our present simulation study are summarized as follows.
[46] 1. The global views of K-H instability has been presented by means of the global MHD simulation, showing that the vortices are induced by the velocity shear across the magnetopause boundary layer from the dayside magnetopause to the magnetotail region. The periodicity of the surface waves propagation along the magnetopause can be clearly identified through the color contour of the physical parameters.
[47] 2. In the equatorial plane, the shocked solar wind flows around the magnetopause and is accelerated in the flank magnetosheath region; the magnetosonic Mach number may exceed 1. No shocklike plane wave is observed outside of the vortices in the magnetosheath.
[48] 3. The vortices are initiated at a longitude of about 28°relative to the Sun-Earth line in the equatorial plane. They are transported to the tail region along the magnetopause boundary layer at an increasing speed until they reach at a relative longitudes of about 40°-60°; after that, the vortex speed drops and then increases due to the interaction of the two neighboring vortices. Finally, the vortices become highly rolled up at the nightside magnetopause boundary layer, and no apparent coalescence has been found between the two neighboring highly rolled-up vortices during their tailward motion.
[49] 4. The inner and the outer mode surface waves are identified near the magnetopause. During the evolution, the inner and outer mode surface waves propagate periodically along the inner and outer edge of the magnetopause boundary layer, with increaseing wavelengths roughly from 1 to 8 R E . Surface waves are analyzed in detail near the dayside and flank magnetopause; corresponding to the inner and outer mode surface waves, we find that the variations of the density and the magnetic field are in phase in the magnetosphere side, while they are out of phase in the manetosheath side. This phenomenon is related to the nonlinear evolution of the surface waves. The nonlinear surface waves on both sides of the boundary are quasi-fast mode. The obtained period of the K-H-induced surface wave coincides with that of typically observed ULF wave.
